Visual search has been suggested as a tool for isolating visual primitives. Elementary "features" were proposed to involve parallel search, while serial search is necessary for items without a "feature" status, or, in some cases, for conjunctions of "features". In this study, we investigated the role of practice in visual search tasks. We found that, under some circumstances, initially serial tasks can become parallel after a few hundred trials. Learning in visual search is far less specific than learning of visual discriminations and hyperacuity, suggesting that it takes place at another level in the central visual pathway, involving different neural circuits.
INTRODUCTION
Several visual functions, like the discrimination of random-dot stereograms, of complex gratings, of orientation and of motion direction, the segmentation of oriented textures, and different forms of hyperacuity, improve with practice (Ramachandran & Braddick, 1973; McKee & Westheimer, 1978; Fiorentini & Berardi, 1980 , 1981 Ball & Sekuler, 1982 , 1987 Vogels & Orban, 1985; Fiorentini, 1989; Karni & Sagi, 1991 , 1993 Poggio, Fahle & Edelman, 1992; . This increase in the ability to get information from the environment, as a result of practice with the environment, is called "perceptual learning" (Gibson, 1969) .
Learning of visual discriminations and hyperacuity is specific for different aspects of the trained stimulus, like position in the visual field, orientation (Ramachandran & Braddick, 1973; Fiorentini & Berardi, 1981) , direction of movement (Ball & Sekuler, 1987) and, in some cases, even for the trained eye (Karni & Sagi, 1991; Poggio et al., 1992 ; but see Karni & Sagi, 1993) . Therefore, it was suggested that learning might be located at a peripheral stage in the central visual pathway, maybe as early as the orientation-specific simple cells in the primary visual cortex (Poggio et al., 1992) .
In the present study, we investigated the role of practice in visual search.
In a visual search task, subjects search for a target item among a number of distracting items. If the time *Max-Planck-Institute for Brain Research, Deutschordenstr. 46, 60528 Frankfurt a.M., Germany . tTo whom all correspondence should be addressed. required to complete the search is roughly independent of the number of distractors, the search is said to be parallel; if search time increases with the number of distractors, the search is called serial (Treisman & Gelade, 1980) . Items for which the search is parallel are considered to contain elementary "features", which are processed preattentively. The "features" isolated by visual search are thought of as the building blocks of visual perception. These "features" have been suggested to build up "feature maps", on which the reconstruction of a visual image is based (Treisman & Gelade, 1980; Treisman & Souther, 1985; Treisman & Gormican, 1988) . Examples of "features" isolated by visual search are: colour, size, luminance, motion direction, orientation, convergence, closure of lines, etc. The list of "features" is still somewhat controversial (Cheal & Lyon, 1992; Bravo & Nakayama, 1992) .
We wondered whether performance in visual search can be improved by learning, and, if so, whether serial search can become parallel with practice. Finally, we were interested to know whether learning in visual search is specific for the task being trained, or for the trained eye.
Part of these results were presented in abstract form (Sireteanu & Rettenbach, 1994a) .
METHODS
We used four search tasks: complete circles among circles with a gap (feature "closure"), plain circles among circles with an added line ("added line"), parallel lines among lines making an angle ("convergence") and vertical among tilted lines ("orientation"). All four tasks 2037 were reported to meet the criteria for "feature" status (Treisman & Gelade, 1980) .
To preclude the need for foveal scrutiny (and hence for several fixations), the stimuli were so salient (mean diameter of an item was 3.5 deg visual angle) as to be easily discriminated in peripheral vision [see Fig. I(A) ]. This avoids the problem of activating different search processes for stimuli presented in the fovea and parafovea (Fiorentini, 1989) . Reaction time for a single item was identical for all targets, suggesting that, under our experimental conditions, all items had similar saliency.
The stimuli were presented on a computer screen. The subjects were seated at a distance of 57 cm from the screen, in an otherwise darkened room. The size of the computer screen was 25 x 19 deg. Reaction time was monitored with the computer mouse. The subject's task was to press a key of the mouse as soon as he/she detected the "odd" target, then to point with the index finger of the same hand (the dominant one) to the position of the target. As soon as the key was pressed, the stimuli disappeared from the screen. If there was no target, the subject's task was to press the same key of the computer mouse, then to wave the same hand (again, the dominant one). This procedure was used, instead of the more common one of pressing two different keys with the two hands, to ensure that the same cortical loops were used for all tasks, and that decision time was not confounded with deciding which hand was appropriate. (This procedure drastically reduced the number of errors.) Pointing to the odd target was chosen to make sure that the subject's decision was correct. Feedback was provided and the errors were recorded.
Each experimental session consisted of four test runs, in which all stimuli were presented once, in a random sequence. There were 56 trials in a test run. Unless otherwise stated, each subject performed eight test runs, grouped in two experimental sessions. Whenever possible, these two sessions were scheduled on two consecutive days. There was no fixation point, but the subjects were asked to fixate the center of the screen between the trials. Practice trials were kept at a minimum. Informed consent was obtained from all subjects after the procedure was fully explained. The experiments were performed with 15 naive and 2 experienced subjects. To investigate the effect of extended practice, the two experienced observers were tested repeatedly over several months.
RESULTS
An experiment with eight naive subjects showed that, for all tasks except "orientation", reaction times for the homogeneous sets increased with set size, indicating serial processing. When the sets contained no "feature" (for instance, for sets containing only closed circles), the increase was less steep than when all items had "features" (for instance, sets containing only open circles). For heterogeneous sets with the target displaying a "feature" (for instance, sets containing one closed circle among open circles), search time was independent of set size, indicating parallel search. For heterogeneous sets in which the "feature" was associated with the distractors (for instance, sets containing one closed among open circles), search time showed an increase with set size whose slope was roughly one-half the slope of that corresponding to the homogeneous sets in which all items displayed "features" [ Fig. I(B) ]. Thus, our results basically confirm the data presented in the literature (Treisman & Gelade, 1980; Treisman & Souther, 1985) .
For the "orientation" task, search time did not increase with set size, probably because in our version of the stimuli, the contrast between targets and distractors was more pronounced than in previous studies; this renders the stimuli more salient and the search more efficient (see also Nothdurft, 1993) .
To investigate the effect of extended practice, one observer (author RS) was tested repeatedly over a period of several months. This subject was very experienced with psychophysical methods, but had never participated in a visual search task. The results of two selected experimental sessions, separated by 3½ months, are shown in Fig. 2 .
The results presented in Fig. 2(A) are qualitatively similar to those of the naive observers, albeit the overall reaction times are somewhat shorter. In Fig. 2(B) , however, all search curves are flat, suggesting that, for this subject, the initially serial search tasks had become parallel with practice. These results were replicated in another extensively tested, initially naive subject (BG).
To show that learning occurred also in naive subjects, the data shown in Fig. I In the intervening time, the subject was repeatedly tested with the same tasks. Symbols as in Fig. I(B) . intercepts [ Fig. 3(B) ] of the search curves gradually decreased, indicating an improvement with practice. In Fig. 4 , the data of the eight naive subjects shown in Figs. 1 and 3 were replotted, such that the dynamics of learning could be followed individually. For each subject and each test run, the reaction times to all single items were averaged, thus yielding a measure of the "basic reaction time". Also averaged were the reaction times for all displays containing a target with a "feature", for the displays containing a target without a "feature", for the homogeneous displays containing only items without "features" and for the homogeneous displays containing only items with "features".
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An additional reason to prefer this cumulative method to the more common one of calculating the slopes and intercepts of the search curves, is the fact that, in the course of learning, the curves often departed significantly from linearity [see for instance subject RS, shown in Fig. 2(A) ].
For all subjects, the basic reaction time [indicated by x-symbols in Fig. (4) ] decreased continuously, but this decrease was less rapid than the decrease in the reaction time for the heterogeneous displays (closed symbols); most dramatic was the decrease for the homogeneous displays (open symbols). For subject JM, learning was so rapid that, at the end of the second test session, the averaged reaction time for the homogeneous displays approached the reaction time for the heterogeneous displays, and both gradually approached the basic reaction time, suggesting that the search had become parallel. These results show that learning takes place in all subjects, but there are marked interindividual differences in the amount and pace of learning. The cumulated error rate of the eight naive subjects was very low (0.5%) and did not increase over the testing period, thus showing that there is no "speed-accuracy trade-off".
The results presented in Fig. 4 were obtained over only two days of testing. This suggests that the extended practice, used in subject RS, is not really necessary for "parallelization". In subjects like JM, this can be achieved after just a few hundreds of trials. The results shown in Figs 3 and 4 show also that improvement occurs continuously during the two days of training, without a discontinuity between the two test days.
Learning was stable; when subject JM was retested 4~2 months later, his performance had not deteriorated [ Fig. 5(A) ]. This indicates that practice does not simply cause a short-term arousal of attention, but that a long-lasting perceptual improvement occurred ("perceptual learning"; Gibson, 1969) .
The results of the previous experiments made us wonder whether learning is specific for the "feature" being trained, or whether it is the result of an improved search strategy (like "learning to see"; in other words, learning to allocate the attention to peripheral targets). To answer this question, two new naive subjects were trained, one with the task "closure", the other with the task "convergence". Afterwards, they were tested, the first one for the task "convergence", the second for the task "closure". For both subjects, learning transferred to the new task. Data from one of these subjects are shown in Fig. 5(B) . 4. Individual learning curves for eight naive observers, x, basic reaction time; Q, reaction times for displays containing one target with a "feature"; A, reaction times for displays containing a target without a "feature"; O, reaction times for homogeneous displays containing only items without "features"; A, reaction times for homogeneous displays containing only items with "features".
Learning could not have been due to similarities between training and testing stimuli, since the one contained only circles, the other only straight lines. Thus, learning in visual search is not specific for the task involved, but rather reflects an improved search strategy.
The lack of task specificity seen in the previous experiment suggests that learning must have occurred at a rather central location in the visual processing stream. An additional experiment with five new naive subjects revealed that learning through one eye transfers completely to the other, untrained eye [ Fig. 5(C) ]. This complete interocular transfer confirms that learning must have taken place at or beyond the site of confluence of the imputs from the two eyes (believed to be in the striate visual cortex).
DISCUSSION
In this study, we have shown that visual search tasks traditionally thought to be serial can become parallel with practice. This finding is not entirely surprising, in view of the knowledge that controlled information processing can become automatic with practice (Neisser, Novick & Lazar, 1963; . In these psychological studies, however, the subjects' task was to search through memorized lists of letters. Thus, in spite of the fact that the authors called their tasks "visual search", the subjects were asked to perform a memory search, rather than the "odd-one-out" paradigm introduced by Treisman and colleagues and used in the present study.
More recently, Fiorentini (1989) mentioned improvements in a visual search task involving the rapid counting of oriented lines embedded in a texture of lines of a discrepant orientation. She also mentioned that this learning seemed to be specific for stimulus orientation. Unfortunately, she showed no data in her study, and this promising line of research was not followed in further studies.
The most important finding in our study was that learning in visual search is not specific for the task involved, nor for the trained eye. This finding is in stark contrast with the high specificity of learning in visual discrimination and hyperacuity, reported in the previous studies mentioned in the Introduction. Thus, learning in visual search seems to be quite different from other types of perceptual learning reported in the literature.
In a separate study, which will be presented elsewhere, we found that the segmentation of oriented textures also undergoes rapid perceptual learning, and that this learning shows complete interocular transfer. Initially serial tasks also can become parallel with practice (Sireteanu & Rettenbach, 1994b) . Thus, the two aspects of "early vision", texture segmentation and visual search, show remarkable similarities in their specificities and time courses of learning.
Taken together, the high specificity of learning in visual discrimination tasks and hyperacuity, and the lack of specificity of learning in visual search, suggest that it One naive subject was trained on two consecutive days and retested 4~2 months later, again on two consecutive days. During the intervening time, the subject did not participate in any psychophysical tests. (B) Task specificity. Another naive subject was trained on one task ("convergence") and then tested on another task ("closure"). (C) Eye specificity. A third naive subject was trained with the dominant eye and then tested with the nondominant eye. In the last two cases, training was done on two (three) consecutive days and testing in the immediately following two consecutive days. Symbols as in Fig. 3. suggest a high-level location of this process, and therefore we agree with He and Nakayama (1992) that, "in order to perform a visual search task, the system must operate at a higher level". Our contention that learning is based on improvements in search strategy is supported by videotaped observations of the eye movements of our subjects: while during the first test runs, the naive subjects showed clear scanning eye and head movements, in experienced observers these movements were very much reduced or even entirely absent (Sireteanu & Rettenbach, in preparation) .
Another interesting aspect of this study concerns the time course of learning: we found a continuous improvement over the two test sessions, without a discontinuity between the sessions. This is at variance to a recent report by Karni and Sagi (1993) , who found that, in learning of texture discrimination, improvements do not occur during, but mainly in between the training sessions, and that REM sleep greatly helps overnight learning (Karni, Tanne, Rubinstein, Askenasy & Sagi, 1994) . Further studies are obviously needed to clarify this apparent discrepancy.
Our conclusions are twofold: first, that visual search is more complex than previously thought: the "features" defined by the search process are probably less primitive than initially assumed. Serial and parallel search are not immutable processes, but rather form extremes of a continuum, and there can be fluid transitions between them (see also Townsend, 1990; Bravo & Nakayama, 1992) . And second, that perceptual learning is more complex than previously thought: learning can occur at different places in the human brain, depending on what is being learned. This is actually reassuring: most of the brain can learn, and learning can, within limits, be transferred from one task to another. might be difficult to pinpoint the exact location of this process in the human central visual pathway. Since discrimination of orientation, of complex gratings, of oriented random-dot stereograms, or of vernier stimuli are very likely to be processed at different loci in the human brain, it is also likely that learning of these functions involves different brain structures. Learning of a visual function might be done by the very neural circuits involved in processing this function, and thus perceptual learning can occur at more than one place in the human brain, depending on the function being trained.
The lack of specificity in learning of visual search tasks suggests that what happens is not an improvement in the perception of a particular "feature"; rather, we are witnessing an improvement in search strategy. At the present time, we can only guess what mechanisms might be involved in this improvement. Most likely, the subjects learn to distribute their attention more effectively over the test display, to disregard irrelevant cues and quickly react to relevant ones. In any case, our results
